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RNA Polymerase I Propagates Unidirectional
Spreading of rDNA Silent Chromatin
sion. HM silencing confers very tight repression of mat-
ing-type genes at HMR and HML, while telomeric silenc-
ing is considered less stable, repressing a URA3 reporter
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gene in half of the cells of an isogenic populationGenetics
(Gottschling et al., 1990). rDNA silencing appears to beUniversity of Virginia Health System
even less stable and may rapidly switch between re-Box 80073, Jordan Hall
pressed and derepressed states (Smith and Boeke,Charlottesville, Virginia 22908
1997). The hierarchy among the three types of silencing
correlates with the number of SIR genes they utilize.
The HM loci require all four SIR genes for silencing whileSummary
telomeres use SIR2, SIR3, and SIR4 (Aparicio et al.,
1991). A dramatic difference between rDNA silencingThe ribosomal DNA (rDNA) tandem array in Saccharo-
and HM/telomeric silencing is that deletions of eithermyces cerevisiae induces transcriptional silencing of
SIR3 or SIR4 do not result in a rDNA silencing defectRNA polymerase II-transcribed genes. This SIR2-
(Smith and Boeke, 1997). The autonomy from the Sirdependent form of repression (rDNA silencing) also
complex is explained by the finding that Sir2 is also afunctions to limit rDNA recombination and is involved
component of a second distinct silencing complexin life span control. In this report, we demonstrate that
called RENT, which contains Net1 and Cdc14 and isrDNA silencing spreads into the centromere-proximal
localized in the nucleolus (Shou et al., 1999; Straight etunique sequence located downstream of RNA poly-
al., 1999).merase I (Pol I) transcription, but fails to enter the
It has been well established that the silencing at HMupstream telomere-proximal sequences. The spread-
loci and telomeres is due to a specialized chromatining of silencing correlates with SIR2–dependent his-
structure (Hecht et al., 1995; Johnson et al., 1990). Intone H3 and H4 deacetylation and can be extended
the current model (see Huang, 2002 for review), tran-by SIR2 overexpression. Surprisingly, rDNA silencing
scriptional silencers are bound by a combination of therequired transcription by RNA polymerase I and the
ORC complex, Rap1, and Abf1, which together recruitdirection of spreading was controlled by the direction
the SIR complex and Sir1 to the silencer. After this nucle-of Pol I transcription.
ation step, the recruited Sir2 deacetylates histone tails.
Additional Sir complexes associate with the deacet-Introduction
ylated nucleosomes via multiple protein-protein interac-
tions between Sir3 and Sir4 with the deacetylated his-RDN1, the locus that contains the ribosomal RNA genes
tone tails and the silencer-bound Sir proteins. Repetitionin Saccharomyces cerevisiae, is subject to a position-
of this process extends the repressive structure overeffect form of gene repression called rDNA silencing.
the length of the silent domain.RDN1 is comprised of150 tandem rDNA repeats, each
Silencing at telomeres is thought to occur by a similar9.1 Kb long. RNA polymerase II (Pol II)-transcribed genes
mechanism initiated by Rap1 bound to telomeric repeatsintegrated within the rDNA array are partially silenced
(Huang, 2002). Silencing at artificial telomeres extendsand this repression is dependent on the Sir2 silencing
in a continuous manner to a distance of 3 kb intofactor (Bryk et al., 1997; Smith and Boeke, 1997). Para-
the subtelomeric region. This distance is limited by Sir3doxically, rDNA silencing takes place in the context of an
levels and is dramatically increased by overexpressing
extremely high rate of transcription. The rDNA repeats
SIR3 (Renauld et al., 1993). Since rDNA silencing is inde-
contain the 35S rRNA gene, which is transcribed by
pendent of both SIR3 and SIR4, the chromatin structure
RNA polymerase I (Pol I) and accounts for 60% of all and the mechanism of silencing at rDNA must be funda-
transcription in actively growing cultures (Warner, 1999). mentally different. However, despite these differences,
The repressive chromatin structure associated with there are several lines of evidence implicating a special-
rDNA silencing also functions in suppressing recombi- ized chromatin structure as the means of rDNA silencing,
nation between rDNA repeats (Gottlieb and Esposito, including the characterization of Sir2 as an NAD-
1989) and in controlling cellular life span (Guarente, dependent histone deacetylase (Imai et al., 2000; Landry
2000). et al., 2000; Smith et al., 2000).
In addition to the rDNA, Saccharomyces cerevisiae Silencers or nucleation sites important for the estab-
establishes two other forms of silencing at the HM loci lishment of rDNA silencing have not yet been identified.
and telomeres. These extensively studied silent regions Furthermore, in light of the fact that rDNA silencing is
are related to rDNA silencing insofar as all three forms independent of both SIR3 and SIR4, a spreading mecha-
strictly require SIR2, one of the four silent information nism for rDNA silencing has not been proposed. In this
regulator (SIR) genes (Aparicio et al., 1991). However, report, we describe the unidirectional spreading of rDNA
there are significant differences between rDNA silencing silencing into the unique sequence flanking the left (cen-
and silencing at these other loci in both their relative tromeric) end of RDN1, but not the right (telomeric) end.
strength and factors that are responsible for the repres- SIR2 overexpression increases the distance that rDNA
silencing spreads into the left flank, analogous to the
effect of SIR3 overexpression at telomeres. Silencing1Correspondence: jss5y@virginia.edu
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Figure 1. Transcriptional Silencing at the
Centromeric (Left) Side of RDN1
(A) Diagram of the left flank region reporter
strains. Reporter strains contain the mURA3-
HIS3 cassette integrated at unique se-
quences left of the rDNA. The Pol I transcrip-
tional termination sites within the leftmost
NTS1 are indicated by vertical arrow heads.
The Ty1 LTR () is 2390 bp left of the NTS1
sequence. 35S represents the Pol I tran-
scribed gene encoding the precursor for the
18S, 5.8S, and 25S rRNAs. The dashed verti-
cal line indicates the rDNA/unique sequence
junction.
(B) An rDNA silencing assay with left flank
reporter strains. Five-fold serial dilutions of
overnight liquid cultures were plated onto
synthetic media with and without uracil (SC
and SC-URA) and grown for 4 days. TRP1
indicates a strain with the reporter integrated
at the TRP1 locus. Numbers indicate the dis-
tance of the mURA3 reporter from the rDNA
in base pairs, and L indicates a position to the
left of RDN1. Strains are YSB397, YSB348,
YSB354, YSB357, YSB545, YSB393, and
YSB499 (top to bottom).
(C) Effect of sir2 deletion (sir2) on transcrip-
tional silencing at the left flank. The 50L sir2
strain is YSB408.
at the left flank is positioned downstream of the 35S from 50 bp to 300 bp distant from the rDNA (Figure 1B).
Silencing did not occur at the 600L, 1200L, and 2000Ltranscription unit and is dependent on Pol I. Finally, we
determine that the direction of spreading is determined positions. Deletion of SIR2 completely eliminated silenc-
ing at the 50L position (Figure 1C), indicating that theby the direction of Pol I transcription.
spreading of rDNA silencing into unique sequence is
dependent on SIR2. Similar results were obtained withResults
150L and 300L sir2 strains (data not shown). Measur-
able SIR2-dependent rDNA silencing therefore normallyTranscriptional Silencing Spreads into Unique
Sequence Flanking the Left End of RDN1 spreads approximately 300 bp left of RDN1.
The leftmost segment of rDNA closest to the flankingTo investigate the possibility that rDNA silencing is prop-
agated by a spreading mechanism, we created a series unique sequence is a portion of NTS1 that functions in
35S transcriptional termination, primarily through aof yeast strains that contain a reporter cassette inserted
at different locations within the unique sequences flank- Reb1 binding site. Approximately 90% of Pol I termina-
tion occurs at the Reb1 site (93), and the remaininging the rDNA repeats (Figures 1A and 2A). The cassette
contains a modified URA3 gene (mURA3) used to mea- 10% terminates at a fail-safe 250 site (Reeder et al.,
1999). Since both of these sites are present in the left-sure silencing and the HIS3 gene for selecting trans-
formants (Smith and Boeke, 1997). The cassette was most NTS1, the SIR2-dependent left flank silencing we
observed in Figure 1A was likely not due to readthroughoriented with the mURA3 promoter proximal to RDN1
and the intervening sequence remained wild-type. Si- of Pol I transcription into the mURA3 reporter. To test
this hypothesis, we deleted the Reb1 binding site of thelencing of the mURA3 reporter was measured by de-
termining the relative efficiency of colony formation on leftmost NTS1 or deleted the entire NTS1 and tested
for silencing of the adjacent mURA3-HIS3 reporter. Themedia lacking uracil. For comparison, a strain containing
the mURA3-HIS3 cassette at the non-silenced TRP1 Reb1 site deletion only resulted in a 5-fold increase in
repression (Supplemental Figure S1A, available at http://locus was included in the assays. The mURA3 gene was
significantly repressed at several locations in the unique www.cell.com/cgi/content/full/111/7/1003/DC1), while
a complete deletion of NTS1 appeared to have no effectsequence on the left (centromeric) side of RDN1, ranging
A Role for RNA Polymerase I in rDNA Silencing
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Figure 2. The Telomeric (Right) Side of RDN1
Is Not Silenced
(A) Diagram of the right flank reporter strains.
The mURA3-HIS3 cassette was integrated
into various positions right of the 5S rDNA
gene. The ASP3-1 gene is located 388 bp
right of the 5S rDNA gene. Therefore, the re-
porter genes located at the 600R and 1200R
positions disrupt the ASP3-1 coding se-
quence.
(B) Silencing assay using right flank reporter
strains. Assays were performed as in Figure
1. Strains are YSB397, YSB366, YSB379,
YSB411, YSB390, and YSB393 (top to
bottom).
(C) The 5S gene is not a boundary element
at the right flank. Replacements of the right
flank with (YSB484) and without (YSB476) the
5S gene are shown. The mURA3-HIS3 cas-
sette is located 50 base pairs from the rDNA.
on silencing (Supplemental Figure S1B available at Since rDNA silencing only spreads left of RDN1, we
considered the possibility that spreading into the rightabove website). Deletion of SIR2 from the NTS1 control
strains resulted in a loss of repression, but deleting SIR2 flank is prevented by a boundary element. A tRNAThr
gene (Pol III-transcribed) acts as a boundary at HMR,from the nts1 strain did not cause a loss of repression.
This difference in SIR2 dependency suggests that Pol preventing the Sir complex from spreading into adjoin-
ing sequences (Donze et al., 1999). The right end ofI termination efficiently occurs in the leftmost repeat.
However, in the absence of the terminator (nts1), inter- RDN1 terminates with the Pol III-transcribed 5S rRNA
gene (Figure 2A). To determine if the 5S gene acts as aference of mURA3 expression occurs that is unrelated
to SIR2-dependent rDNA silencing. boundary for rDNA silencing, we deleted the rightmost
5S gene from the 50R reporter strain and tested for
silencing at the right flank. As shown in Figure 2C, dele-The Right Flank Is Not Silenced
tion of 5S did not facilitate silencing of the 50R::mURA3To determine whether rDNA silencing could spread into
reporter, indicating that 5S does not act as a boundary.DNA flanking the right side of RDN1, yeast strains with
However, we did notice that the slow growth phenotypethe reporter cassette placed at 50, 150, 300, 600, and
of the 50R strain on SC-URA was suppressed by the1200 bp distant from the rDNA on the telomeric side of
5S deletion (Figure 2C). A simple interpretation of thisRDN1 were generated (Figure 2A). In contrast to the
finding is that the mURA3 gene is weakly repressed byresults obtained with the reporter cassette at the left
tRNA-mediated gene silencing (Hull et al., 1994), al-flank, all right flank reporter strains formed colonies on
though in this case the Pol III-transcribed gene is theplates lacking uracil at the highest cell dilution (Figure
5S gene.2B). Furthermore, their colony-forming ability was
mostly indistinguishable from a control strain with the
reporter cassette placed at the TRP1 locus. A slight Overexpression of SIR2 Extends the Size
of the Left Flank Silencing Domainslow growth phenotype was observed in 50R and 150R
strains that was not dependent on SIR2 (data not The amount of Sir2 in the nucleolus is limiting for rDNA
silencing and can be modulated by the overexpressionshown). Therefore, SIR2-mediated silencing does not
spread right of the rDNA tandem array. of SIR2 or SIR4 (Smith et al., 1998). In the case of SIR4
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overexpression, a direct protein-protein interaction be-
tween Sir2 and Sir4 is predicted to titrate Sir2 away from
the RENT complex resulting in a loss of rDNA silencing.
We therefore tested whether SIR2 or SIR4 overexpres-
sion similarly affected silencing at the left-flanking re-
gion. SIR2 on a high copy plasmid strengthened silenc-
ing at the 50L position by more than two orders of
magnitude, while SIR4 on a high copy plasmid resulted
in a complete loss of silencing (Figure 3A). Overexpres-
sion of NET1, encoding another subunit of the RENT
complex, resulted in a moderate reduction of rDNA si-
lencing at the 50L position (see Supplemental Figure S2
available at http://www.cell.com/cgi/content/full/111/
7/1003/DC1), which is consistent with the titration of
Sir2 or other silencing factors into a non-productive
complex.
To investigate the possibility that the silent domain
can spread beyond the 300L position, we transformed
the high copy SIR2 plasmid into the 1200L and 2000L
reporter strains, where silencing was not previously ob-
served. Strong silencing was obtained at both positions
when SIR2 was overexpressed, while control strains
containing an empty vector remained non-silenced (Fig-
ure 3B). While we do not currently know the precise limit
of spreading mediated by SIR2 overexpression, it seems
unlikely that it extends to the ACS2 gene located 3.8 kb
distant from RDN1 (Figure 1A), an essential gene under
the growth conditions used in this study (Van den Berg
and Steensma, 1995). Indeed, SIR2 deletion or overex-
pression did not affect RNA expression levels of ACS2,
as determined by Northern blotting (data not shown).
At telomeres, Sir3 has a critical role in the spreading
of silent chromatin. The extent of this spreading is deter-
mined at least in part by the amount of Sir3 available
and can be extended 20 kb beyond the normal endpoint
by overexpression of SIR3 (Renauld et al., 1993). Al-
though SIR3 is not required for rDNA silencing, in certain
conditions Sir3 delocalizes from telomeres and is found
in the nucleolus (Kennedy et al., 1997). To determine if
the extended left flank silencing induced by SIR2 overex-
pression occurred by a mislocalization of Sir3 to the
rDNA, we examined the effect of overexpressing SIR2
Figure 3. SIR2 Overexpression Extends Spreading of rDNA Si-on the 1200L mURA3 reporter in a sir3 strain. As shown
lencingin Figure 3C, the extended silencing to this location was
Relevant genotypes are shown above the images and the high copySIR3-independent.
number plasmid is indicated to the left of the rows. Images on the
Because the strength of rDNA silencing in the middle left show growth on SC media lacking uracil and leucine (to select
of the tandem array and at the left flank is limited by for the plasmids). Images on the right show growth on SC media
the amount of Sir2 in the cell, a local deficit of Sir2 could lacking leucine.
(A) A SIR2 plasmid (pSB765) strengthens, and a SIR4 plasmidbe responsible for the lack of silencing at the right flank.
(pLP305) derepresses silencing at the left flank.To test this possibility, strains with the reporter cassette
(B) The SIR2 plasmid confers rDNA silencing to the 1200L and 2000Lat the 50R location were transformed with the high copy
positions.
SIR2 plasmid. However, there was still no measurable (C) Spreading to 1200L by overexpressed SIR2 is independent of
level of repression of mURA3 detected with this condi- the SIR3 gene.
tion (Figure 3D). (D) The high copy SIR2 plasmid (pSB765) does not confer silencing
to the right flank of RDN1. The empty vector in each image is
pASC425.Deacetylated Histones H3 and H4 Are Associated
with the Left Flank
The nucleosomes of HM and telomeric silent regions
ested in determining whether the unidirectional spread-contain histones that are hypoacetylated relative to his-
ing of rDNA silencing correlated with SIR2-dependenttones in transcriptionally active regions (Braunstein et
histone deacetylation in vivo. The acetylation of rDNA-al., 1996). Sir2 can deacetylate histones H3 and H4 in
associated H3 and H4 from SIR2 and sir2 strains wasvitro, using NAD as a cofactor (Imai et al., 2000; Landry
et al., 2000; Smith et al., 2000). We were therefore inter- examined using a chromatin immunoprecipitation (ChIP)
A Role for RNA Polymerase I in rDNA Silencing
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Figure 4. Histone H3 and H4 Deacetylation by Sir2 Correlates with the Spreading of rDNA Silencing
(A) Chromatin IPs from SIR2 (JS311) and sir2 (JS566) strains using -acetyl H3 and H4 antibodies. Regions tested were NTS1 and NTS2
in the rDNA and CUP1. The H4-Penta antibody is specific for multiple acetyl-H4 isoforms.
(B) Chromatin IPs of Myc-tagged Sir2 from untagged (JB740) and tagged (JJSy276) strains. The TEL-VIR location is a positive control for
telomeric association. Sequences flanking the left end (segments a–f) and right end (segments g–i) of the rDNA array are indicated in (C).
(C) H3 and H4 acetylation at the left-flanking region increases in a sir2 mutant. Primer pairs were specific for segments a–f on the left side,
and segments g–i on the right side. The sequence boundaries of each PCR fragment are indicated in bp distant from the rDNA. Each bar
represents the fold increase in acetylation for the sir2 mutant (JJSy267) compared to the SIR2 strain (JB740), which was calculated as the
IP/input ratio for sir2 divided by the IP/input ratio of SIR2 (Sandmeier et al., 2002). Error bars are the standard deviation from at least 3
independent experiments.
assay with antibodies specific for acetylated isoforms quence left of the rDNA array (Figure 1), we predicted
that Sir2 and the deacetylation of histones H3 and H4of histones H3 and H4.
We initially PCR amplified the immunoprecipitated would physically spread in the same direction. This hy-
pothesis was first tested by ChIP from a strain in whichchromatin with NTS1 and NTS2 primer pairs that do not
discriminate between individual rDNA repeats within the Sir2 was C-terminally tagged with 9 copies of the c-Myc
epitope (Cuperus et al., 2000). As expected, Sir2-Mycarray. As observed in Figure 4A, deletion of SIR2 caused
an increase in histone H3 and H4 acetylation within the associated with a telomeric sequence (TEL-VIR) and
NTS1 within the tandem array, but not with CUP1 (FigurerDNA array at the NTS1 and NTS2 sites. The largest
increase in acetylation at both sites occurred on histone 4B). Sir2-Myc also associated with the leftmost NTS1
sequence of the rDNA (PCR segment a) and uniqueH3 (Figure 4A, compare lanes 8 and 16). Smaller in-
creases in acetylation were observed with the histone sequences left of the rDNA out to approximately 1500
bp (PCR segments b–e). Poor association occurred atH4-acetyl antibody series (Figure 4A, compare lanes 3–7
with 11–15). Importantly, there was no change in H3 segment f, which was the most distant sequence from
the rDNA. Sir2-Myc binding was detected at the se-or H4 acetylation observed at the CUP1 control locus.
These results suggested that histones H3 and H4 are quence immediately flanking the right end of the rDNA
(Figure 4B, segment g), but binding was poor at moreboth targets of Sir2-mediated deacetylation within the
rDNA tandem array, consistent with the changes ob- distant locations (segments h and i).
The association of Sir2 with unique sequences left ofserved by Bryk et al. (2002). We cannot rule out the
possibility at this time that other histone deacetylases the rDNA correlated well with Sir2-dependent histone
H3 and H4 deacetylation (Figure 4C). In the absence ofcontribute.
Since rDNA silencing spreads into the unique se- SIR2, H3 and H4 acetylation was elevated at left-flanking
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Figure 5. rDNA Silencing Requires the 35S
Core Promoter
(A) Schematic of the leftmost core promoter
deletion (not to scale). The region deleted is
position 28 to 8 relative to the 35S start
site and is indicated by the hatched box. A
filled box represents the normal promoter.
Unique sequence is shown as a gray box and
the reporter cassette is located 61 bp left of
the rDNA.
(B) The left flank region was replaced with
and without the 35S core promoter. Each row
represents independently derived strains.
Control strains with an intact promoter are
indicated by PRO and are YSB505 and
YSB506. The promoter-deleted strains (pro)
are YSB509 and YSB510.
(C) The core promoter deletion also weakens
the strong silencing induced by integration of
an extra copy of SIR2. SIR2 was integrated
at the LEU2 locus of strains from (B). The
resulting strains are YSB531, YSB532,
YSB533, and YSB534 (top to bottom).
locations (segments a–e), but not segment f (Figure 4C). assays have demonstrated that the core promoter is
essential for transcription (Musters et al., 1989). As ex-In contrast, there was no significant increase in H3 and
H4 acetylation right of the rDNA (Figure 4C, segments pected, a significant amount of silencing of the mURA3
reporter was observed in the strains with an intact pro-g–i) or at the non-rDNA locations CUP1 and MAT.
These data strongly implicate Sir2 in the deacetylation moter (Figure 5B, PRO). In contrast, silencing was
weakened in strains with the promoter deletion (Figureof histones H3 and H4 left of the rDNA and are consistent
with the unidirectional spreading of rDNA silencing. 5B, pro). To increase the dynamic range of the experi-
ment, we also tested the effect of the promoter deletion
in a strain containing an additional integrated copy ofDeletion of the Leftmost Pol I Promoter Results
in a Loss of Silencing SIR2, a condition that greatly strengthens rDNA silenc-
ing (Figure 5C). While the mURA3 reporter was almostThe arrangement of the tandem rDNA repeats directs
the progression of RNA polymerase I transcription to- completely silenced in the PRO 2xSIR2 strain, the pro
2xSIR2 strain was partially depressed (Figure 5C). Theseward the left flank where silencing is observed. We
therefore investigated the possibility that Pol I transcrip- results indicate that silencing in the left-flanking region
is highly dependent on activity from the upstream 35Stion is linked to the propagation of silencing into the left
flank. If Pol I was involved in rDNA silencing, then Pol I rRNA gene.
activity at the leftmost rDNA repeat may be needed.
To test this hypothesis, the core Pol I promoter of the RNA Polymerase I Is Essential for rDNA Silencing
The loss of silencing due to the core promoter deletionleftmost rDNA repeat (28 to8 relative to the transcrip-
tional start site) was deleted in a 61L::mURA3-HIS3 re- suggested that Pol I has an essential role in rDNA silenc-
ing. However, the deleted core promoter could overlapporter strain (Figure 5A). In vitro transcriptional run-on
A Role for RNA Polymerase I in rDNA Silencing
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with a binding site for an as yet unidentified silencing
factor. To address this issue, we created silencing re-
porter strains disrupted for RPA135, which encodes an
essential subunit of the Pol I complex (Nogi et al., 1991a).
The haploid experimental strains (50L::mURA3-HIS3
and NTS1::mURA3-HIS3) and control strain (trp1::
mURA3-HIS3) were generated by tetrad dissection of
RPA135/rpa135::kanMX4 diploids. The NTS1 position
for the internal reporter was chosen for its relatively
strong silencing compared to other sites in the rDNA.
In these experiments, viability of the rpa135 strains
was maintained by a high copy plasmid expressing the
35S transcript from a galactose-inducible (Pol II) pro-
moter (Nogi et al., 1991b). As expected, the RPA135
segregants silenced the 50L::mURA3-HIS3 reporter,
resulting in a more than 125-fold reduction in colony
formation on SC-uracil medium relative to the trp1::
mURA3-HIS3 control reporter (Figure 6A, top image).
Silencing at NTS1 in the middle of the array was consid-
erably stronger than at the 50L position. In contrast to
the Pol I active segregants, the rpa135 50L::mURA3-
HIS3 and NTS1::mURA3-HIS3 strains were defective in
rDNA silencing based on two comparisons. First, the
amount of growth of the rpa135 50L and NTS1 strains
on media lacking uracil was indistinguishable from the
growth on plates containing uracil (Figure 6A, second
image). Secondly, the rpa135 50L and NTS1 strains
grew equally well on uracil-deficient media as strains
with the cassette at the TRP1 control locus (Figure 6A,
second image). The slow growth phenotype of the
rpa135 strains did not play a role in the silencing defect,
as another slow growing mutant strain, arf1, did not
have a silencing defect (data not shown). RNA polymer-
ase I is therefore critical for rDNA silencing, including
its spreading into the left-flanking sequence.
Polymerase Switch Strains Are Defective
in rDNA Silencing
Proper Pol I transcription requires the UAF upstream
activation complex. UAF contains the Rrn5, Rrn9, Rrn10,
and Uaf30 proteins as well as histones H3 and H4. A
disruption of UAF drastically impairs Pol I-mediated tran-
scription of the 35S genes, but activates rDNA transcrip-
tion from an overlapping cryptic Pol II promoter (Conrad-
Webb and Butow, 1995; Vu et al., 1999). Transcription
of 35S from the cryptic Pol II promoter is presumably
inefficient, resulting in very poor growth. However with
Figure 6. rDNA Silencing Requires RNA Polymerase Icontinuous culturing, populations that undergo a revers-
(A) Effect of a rpa135 deletion on rDNA silencing. The mURA3-HIS3ible adaptation grow at a significantly higher rate and
cassette was located at the 50L position, in the middle of the arrayproduce larger colonies (referred to as polymerase
at NTS1, or at the TRP1 control locus. The RPA135 allele is indicatedswitch or PSW strains). The adaptation results from an
above the images. All strains contain a high copy number TRP1
expansion of the rDNA array (Oakes et al., 1999). plasmid with a 35S gene driven by the GAL7 promoter. Plates con-
To test whether PSW strains are also defective for tain 2% galactose and lack tryptophan to induce 35S expression and
rDNA silencing, reporter strains with the mURA3-HIS3 to select for the plasmid. Each row in the assay shows independently
derived spore segregants. Silencing is measured on the SC GAL-cassette at the 50L position or at the TRP1 control locus
Ura-Trp plates.were converted to the PSW state. UAF was disrupted by
(B) Strains transcribing the 35S with Pol II (Polymerase switchdeleting RRN5 in 50L::mURA3-HIS3 and TRP1::mURA3-
strains) are defective in silencing. Genotypes and reporter positions
HIS3 diploids. Polymerase switch strains were gener- are indicated in the same fashion as (A). Polymerase switch strains
ated after tetrad dissection, and as expected, rrn5 are indicated by rrn5 PSW.
spore segregants grew very slowly (data not shown). (C) The reintroduction of RRN5 into a PSW strain restores a normal
growth rate and normal rDNA silencing at the 50L position.After extended culturing, their growth rate dramatically
improved, indicating a conversion to the PSW state. The
array size of the PSW isolates was 60% larger than the
Cell
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Figure 7. rDNA Silencing is Controlled by the
Direction of Pol I Transcription
(A) The orientation of the rightmost rDNA re-
peat was reversed in a strain containing the
mURA3-HIS3 reporter 50 bp right of the
rDNA. The structure of the inversion is shown
schematically.
(B) The forward orientation strain is YSB476,
and the reverse orientation strain is YSB541.
SIR2 was deleted from the reverse orientation
strain resulting in rev/sir2 (YSB609). Each
strain, including the TRP1::mURA3-HIS3 con-
trol (YSB397), was plated as 5-fold serial dilu-
tions on SC and SC-URA medium.
RRN5 isolates as measured by quantitative Southern also reinforces the idea that the rDNA repeats can locally
effect silencing of adjoining sequences. Based on theseblotting (data not shown). Similar to the rpa135 strains,
the 50L PSW strains were defective in silencing, growing findings, we conclude that the mechanism of rDNA si-
lencing involves unidirectional spreading that is inti-equally well with or without uracil (Figure 6B, middle
image). When grown on SC-URA medium, the 50L PSW mately linked to Pol I transcription.
strains also grew at the same level as PSW strains with
the mURA3-HIS3 cassette integrated at the TRP1 locus Discussion
(Figure 6B). In contrast, RRN5 strains from the same
tetrad dissection were silenced normally at the 50L posi- We have developed a system to study rDNA silencing
that entails placing reporter genes in the unique se-tion. Silencing was restored to the PSW strains when
RRN5 was reintroduced on a plasmid (Figure 6B, bottom quence immediately adjacent to both sides of RDN1.
This system has a few advantages over the traditionalimage), indicating that conversion to the PSW state does
not introduce second-site silencing mutations in the ge- method of inserting reporters within the repeat array. At
this time it is unknown if rDNA silencing is uniform alongnome. This result independently confirms the require-
ment for Pol I transcription in rDNA silencing. the 1.4 Mb length of RDN1. Inserting silencing report-
ers within RDN1 does not allow control over the integra-
tion site within the repeat array. As a result, there is theThe Orientation of Pol I Transcription Directs the
Spreading of rDNA Silencing potential for silencing differences between independent
transformants due to the relative position of the reporter.To directly test whether the orientation of Pol I transcrip-
tion directed the spreading of rDNA silencing, we re- In contrast, integrations at the flanking unique sequence
are precise and reproducible. Another advantage is thatversed the orientation of the rightmost rDNA repeat
within the tandem array and then examined the effect reporter genes integrated into the flanking sequences
are much more stable than reporters in the rDNA array.on silencing at the flanking 50R position (Figure 7A),
where Sir2-dependent silencing does not normally oc- This is especially important for mutants in which the
rDNA recombination rate is elevated, such as sir2. An-cur. The construction of this strain (YSB541) is detailed
in the Supplemental Experimental Procedures section other important advantage is the ability to manipulate
the leftmost or rightmost rDNA repeat and assay for(available at http://www.cell.com/cgi/content/full/111/
7/1003/DC1). As shown in Figure 7B, the control 50R effects on silencing. Since left flank silencing has the
same characteristics as found within the tandem array,strain (YSB476, with the 5S gene deleted) was not si-
lenced at all, as previously observed in Figure 2C. How- we have exploited this system to begin dissecting the
molecular mechanism of Sir2-dependent rDNA si-ever, by simply reversing the orientation of the rightmost
rDNA repeat, the 50R::mURA3 reporter was now posi- lencing.
tioned downstream of the 35S gene and became
strongly silenced (Figure 7B, less growth on SC-Ura The Boundaries of rDNA Silencing
The genetically defined boundary of rDNA silencing leftplate). The silencing induced at the right flank was also
SIR2 dependent, as indicated by the increase in Ura of the rDNA occurs somewhere between 300 and 600
bp away from the array (Figure 1). By chromatin IP, thegrowth when SIR2 was deleted (Figure 7B). This result
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physical boundary of Sir2 binding and histone deacety- polymerase II (Vu et al., 1999). Our results with the rrn5
mutant therefore suggest that the silencing we observelation occurred between 1500 and 2000 bp left of the
array. Part of this discrepancy could be due to the ran- with Pol II reporter genes is very similar to the naturally
occurring silencing of Pol II-mediated rDNA tran-domness of chromatin shearing during the chromatin IP
assay. PCR primers slightly outside the boundary of scription.
Both rpa135 and PSW strains alter the length of thesilencing could easily amplify from a DNA fragment that
was long enough to reach into the silenced domain. On rDNA repeat array. Deletion of a polymerase subunit
results in contraction of RDN1, while the generation ofthe other hand, weak repression of mURA3 could occur
outside the 300L position, but may not be strong enough PSW strains results in RDN1 expansion (Oakes et al.,
1999). Large alterations in array size could potentiallyto produce a growth phenotype on SC-URA medium.
Based on current data, the normal boundary of rDNA influence rDNA silencing. However, taking into consider-
ation that the rpa135 and rrn5 mutations affect the arraysilencing therefore lies somewhere between 1500 and
300 bp left of the array. Higher resolution mapping with size in opposite ways, yet still result in a loss of silencing,
we feel that the silencing defects are not the result ofsmaller sheared DNA sizes will aid in future detailed
analysis of the boundary. On the right side of the array, changes in the size of RDN1. Masayasu Nomura’s lab
has determined that a strain with only 40 rDNA repeatsSir2 associated with segment g (closest to the rDNA),
but there was little deacetylation and no silencing at this has stronger rDNA silencing than a strain with more
repeats, probably because each rDNA repeat from thelocation. This result suggests that Pol I activity may
be required to “activate” the bound Sir2 and induce 40 copy strain is highly transcribed by Pol I (M. Nomura,
personal communication). Not only does this add to thespreading (see models below).
Is there a specific DNA sequence that acts as a func- evidence that Pol I is important for rDNA silencing, but
it also demonstrates that the rpa135 strain was defec-tional boundary element to prevent spreading of rDNA
silencing toward the centromere? As shown in the Sup- tive for silencing because of a loss of Pol I activity, not
its smaller array size.plemental Data (available at http://www.cell.com/cgi/
content/full/111/7/1003/DC1), deletion of the Reb1 bind-
ing site in NTS1 only caused a slight increase in silenc- What Is the Mechanism of Spreading
ing, so it is not a potent boundary. Another possible for rDNA Silencing?
boundary is a cohesin binding site near the 600L posi- The data presented in this study clearly demonstrate
tion, where normal rDNA silencing is not detected. There that rDNA silencing of Pol II reporter genes spreads
is a peak of cohesin binding at this position as deter- unidirectionally downstream of a Pol I-transcribed rDNA
mined by ChIP for the Mcd1/Scc1 component of cohesin repeat. How this happens at the molecular level is un-
(Laloraya et al., 2000). Mutation of another cohesin sub- clear, but any model has to take into account histone
unit, SMC1, causes a loss of boundary function at HMR deacetylation carried out by Sir2. One model for a down-
(Donze et al., 1999), and interestingly, cohesin binding stream effect of Pol I transcription is that the positive
occurs at the boundaries of HMR silencing (Laloraya et supercoiling that accumulates ahead of RNA polymer-
al., 2000). It is therefore possible that the cohesin com- ase I contributes to the establishment of a silenced do-
plex also plays a role in preventing the spread of rDNA main through the recruitment of rDNA silencing factors
silent chromatin. In contrast, since the 2700 bp of such as topoisomerase I and Sir2. TOP1 is required for
unique sequence flanking the left end of the rDNA is rDNA silencing (Bryk et al., 1997), and its deletion causes
remarkably gene free, there may be no need for a bound- an elevation in rDNA histone acetylation similar to that
ary element. Instead, the silencing limit could be deter- observed in a sir2 mutant (Cioci et al., 2002). The posi-
mined by how far rDNA silencing can spread. tive supercoiling that accumulates ahead of RNA poly-
merase I is also a poor environment for Pol II transcrip-
tion, which could contribute to the spreading of silencingA Role for RNA Polymerase I in rDNA Silencing
We established the importance of RNA polymerase I in beyond NTS1. Once established, Sir2 either spreads by
itself or uses other accessory factors such as Net1 torDNA silencing by several criteria; (1) deletion of the
leftmost Pol I promoter weakened silencing left of the facilitate spreading, similar to the roles of Sir3 and Sir4
in spreading at telomeres. Indeed, preliminary data indi-rDNA, (2) deletion of an essential Pol I subunit (RPA135)
caused a loss of silencing, and (3) converting reporter cates that HA-tagged Net1 can also spread into the left-
flanking unique sequence (J.S., unpublished data).strains to the polymerase switched state (PSW) resulted
in a loss of silencing. The effect of mutating a single The silencing defect conferred by the Pol I promoter
deletion phenotypically resembles the deletion of HMpromoter is particularly significant because it indicates
that the Pol I-mediated silencing activity functions over silencers. Therefore, the rDNA promoter could poten-
tially act as a cis-acting rDNA silencer. In this model, aa limited region. Importantly, the promoter deletion did
not completely derepress silencing in the presence of silencing complex is specifically recruited to the pro-
moter by the Pol I initiation complex to nucleate silenc-an extra SIR2 gene, suggesting that Sir2 and Pol I may
make independent contributions. The presence of Sir2 ing. Once the silencing factor is recruited to the pro-
moter, the induced silent chromatin structure wouldimmediately adjacent to the right side of the rDNA and
beyond the silent domain at the left flank suggests the spread unidirectionally toward the centromere by teth-
ering to the Pol I complex. A prime candidate for thepossibility that Sir2 localizes to the rDNA in a step up-
stream of Pol I in the silencing pathway. UAF is not only Pol I-recruited silencing factor is Net1, which tethers
Sir2 to the rDNA and is required for rDNA silencing (Shourequired for a high level of Pol I transcription, but is also
required for preventing transcription of rDNA by RNA et al., 1999; Straight et al., 1999). Net1 physically inter-
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Experimental Proceduresacts with Pol I in vitro and stimulates rRNA transcription
(Shou et al., 2001). The interaction of Net1 with Pol I
rDNA Silencing Reporter Strainscould function to bring Sir2 in association with the rDNA
Yeast strain genotypes are described in the Supplemental Data (see
for histone deacetylation. Alternatively, the RENT com- Table S1, available at http://www.cell.com/cgi/content/full/111/7/
plex associates with the rDNA chromatin independently 1003/DC1) and are all derivatives of JB740 (Smith and Boeke, 1997).
All gene disruptions were performed by PCR-mediated transplace-of Pol I, but the unidirectional spreading of RENT/Sir2
ments using pRS400 as template (Brachmann et al., 1998). In eachis mediated by its association with Pol I.
case, the entire open reading frame was removed and replaced withA final possibility that must be considered is that ribo-
KanMX4. All gene knockouts were confirmed by diagnostic PCRsomal RNA itself has a cis-acting function in the regula-
reactions on genomic DNA from multiple isolates. To produce rDNA
tion of rDNA silencing. This idea is supported by the silencing reporter strains, JB740 was transformed with PCR prod-
roles of other large non-coding RNAs in heterochromatin ucts derived from amplifying the mURA3-HIS3 cassette of pJSS51-9
(Smith and Boeke, 1997). The 5 sequences of the PCR primersformation. The Xist RNA is required for X chromosome
contain 40 bp of homology to unique sequence flanking RDN1 thatinactivation in mammalian females (Avner and Heard,
direct the replacement of 100 bp of genomic DNA with the cassette2001), and there is an RNA requirement for the formation
by homologous recombination. Transformants were selected on SC-of pericentric heterochromatin in mouse embryonic fi-
HIS plates and correct replacements were identified by diagnostic
broblasts (Maison et al., 2002). When yeast rDNA repeats PCR reactions. In all cases, the integrity of the integrated mURA3
are transcribed by Pol I, the polymerases are lined up gene was determined by the ability to confer a full Ura phenotype
when SIR2 was deleted. In addition, multiple positive isolates wereone after another, basically resulting in a coat of rRNA
tested for each strain produced. Representative strains are showntranscripts along the entire length of the repeat (Sand-
in the figures. Details on the construction of all strains with changesmeier et al., 2002). The silenced region flanking the left
in rDNA sequences are described in the Supplemental Data (avail-end of RDN1 is located only 120 to 300 bp from the 35S
able at above website). Manipulations of the unique sequences
termination site, which places it in close proximity to flanking the rDNA array or replacements of the leftmost or rightmost
the full-length 35S transcript. In contrast, the non-silent rDNA repeats had no consistent affect on the size of the tandem
array as measured by quantitative Southern blotting (see Supple-right flank is over 8 kb away from the closest 35S termi-
mental Table S2 available at above website). Therefore, the differ-nation site. The rRNA could recruit a specific silencing
ences in silencing observed with these multiple strains cannot beprotein or complex that functions in rDNA silencing or
explained by changes in array size.it could act in a structural role. It should be noted that
the models described above do not have to be mutually
RNA Polymerase I Defective Strainsexclusive and future work will address these various
Diploid strain JS834 was heterozygous for rpa135::kanMX4, homo-
possibilities. zygous for the trp1::mURA3-HIS3 reporter and was transformed
with pNOY199 (GAL-35S TRP1) (Oakes et al., 1999). Diploid strain
JS892 was also heterozygous for rpa135::kanMX4 and containedBiological Relevance of rDNA Silencing
pNOY199, but one chromosome XII contained the 50L::mURA3-The extent that rDNA silencing is evolutionarily con-
HIS3 reporter and the other chromosome XII contained theserved is currently unknown. It occurs in the unrelated
NTS1::mURA3-HIS3 reporter. These diploids were sporulated and
yeasts Saccharomyces cerevisiae and Schizosaccharo- dissected on YEP galactose plates. Trp tetrads produced 4 live
myces pombe (Thon and Verhein-Hansen, 2000), but spores, and RPA135 and rpa135 spore colonies from both diploid
strains were assayed for silencing. To produce the polymeraseother organisms have not yet been tested. Most eukary-
switch (PSW) strains, RRN5 was deleted from JS830 (trp1::mURA3-otic organisms, including mammals, produce ribosomal
HIS3) and JS833 (50L::mURA3-HIS3) homozygous diploids. Follow-RNA from rDNA genes that are organized into large tan-
ing tetrad dissection, the rrn5 spore segregants (G418-resistant)dem arrays and transcribed by RNA polymerase I. Fur-
grew very poorly. The PSW versions were isolated by sequentially
thermore, all eukaryotes that have been tested have at passaging the largest colonies three times.
least one Sir2 protein/histone deacetylase. Since rDNA
silencing requires both Sir2 and Pol I transcription, it Chromatin Immunoprecipitations
seems likely that this form of repressive chromatin struc- YPD cultures (50 ml) of JB740 (WT), JJSy267 (sir2), and JJSy276
(SIR2-9xMyc) were grown into log phase (A600  1) and then fixedture exists in higher eukaryotes. The importance of rDNA
with 1% formaldehyde. Chromatin extraction and IPs were per-silencing in S. cerevisiae is evident by its known roles
formed as previously described (Kuo and Allis, 1999). Three A260in suppressing rDNA recombination (Gottlieb and Es-
units of whole-cell extract and 1–3 l of antibody was combined inposito, 1989), preventing Pol II from transcribing rDNA
240 l of FA-lysis buffer and incubated at 4	C overnight. Bound
(Vu et al., 1999), and silencing Ty1 transposable ele- chromatin was precipitated with protein A-Sepharose beads (Amer-
ments that integrate into the rDNA (Bryk et al., 1997). sham-Pharmacia) for 2 hr at 4	C. Beads were washed extensively
and the immune complexes were eluted with 125 l of 1% SDS/0.1An emerging role of rDNA silencing is in the regulation
M NaHCO3 at room temperature. Following reversal of crosslinking,of cellular life span, partially through the suppression of
the recovered material was treated with RNase A and then Protein-rDNA circle formation via NAD-dependent Sir2 activity
ase K. Recovered DNA was resuspended in 150 l TE. Three l of(Guarente, 2000). Increased life span is achieved by
each sample was used in 50 l PCR reactions. The number of PCR
overexpression of SIR2, which acts in the same pathway cycles for each location was as follows to remain in the linear range:
as caloric restriction (Lin et al., 2000). The discovery 24 cycles for NTS1, NTS2, and CUP1; 28 cycles for flanking seg-
ments (a–i); and 26 cycles for MAT and TEL-VIR. The proper amountthat Pol I is essential for rDNA silencing creates a link
of input chromatin to remain in the linear range was predeterminedbetween metabolic rate (which dictates Pol I activity)
by serial dilutions. PCR products were separated on a 2% agarose/and rDNA silencing. Caloric restriction extends life span
1
 TBE gel, stained with ethidium bromide, and images capturedin a variety of species, including mammals. RNA poly-
and quantitated using an AlphaImager 2000 documentation and
merase I may therefore have a highly conserved function analysis system from Alpha Innotech. The -acetyl H3, and -acetyl
in life span control through the creation of a specialized H4 (penta) antibodies were kindly provided by David Allis. Antibodies
directed against individual acetylated lysine residues of histone H4rDNA chromatin structure.
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were purchased from Serotec (Kidlington, Oxford, UK). The oligonu- Imai, S., Armstrong, C.M., Kaeberlein, M., and Guarente, L. (2000).
Transcriptional silencing and longevity protein Sir2 is an NAD-cleotide sequences for each PCR segment are shown in the Supple-
mental Data (Supplemental Table S3 available at above website). dependent histone deacetylase. Nature 403, 795–800.
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